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INTRODUCTION
Attention defi cit hyperactivity disorder (ADHD) is a well-known mental condition in children 1 . It is typifi ed by lowered levels of cognitive ability, impulsiveness, and hyperactivity 2, 3 . The exact pathological mechanisms of these psychiatric indications is unclear 4 . Nevertheless, ADHD has proven more prevalent and associated with cardiac abnormalities. Pharmacological treatment of these symptoms in children can affect their heart rate and blood pressure 3, 5 . Considering that cardiac function is synchronized by the autonomic nervous system (ANS); mediated through the sinus (SA) node 6 , heart rate variability (HRV) can be used to assess variation in autonomic modulation. It is an easy, non-invasive and low-cost method of monitoring the ANS and is used extensively in the research laboratory and clinically.
The apparent benefi t for testing the correlation with HRV in subjects with ADHD is that it can offer a benchmark to the risk of the so called "dynamical diseases" 7 . We are assuming that the ADHD subjects RR-intervals behave in a non-linear way akin to other medical conditions such as asthma 8 , cardiac failure 9, 10 and epilepsy [11] [12] [13] [14] . In addition, fractal indices are also able to detect slight changes in the dynamics of RR intervals better than conventional spectral analyses 15 . Further information on such "complex" conditions can be found in the article by Seely and Macklem 16 . In this study the cardiac autonomic modulation was examined by the Higuchi Fractal Dimension al-DOI: http://dx.doi.org/10.7322/jhgd.119256 gorithm [11] [12] [13] [14] [15] [16] [17] [18] [19] . In previous studies, a similar computation, correlation dimension (D 2 ) 20-23 had been applied. These proved signifi cant in mainly neurological assessments in Schizophrenia 24 , Parkinson's disease 25 , and CreutzfeldtJakob disease 26 .
METHODS

Population
Twenty-eight children with ADHD (22 boys, mean age 10.0 ± 1.9 years) and 28 controls (15 boys, mean age 9.9 ± 1.8 years) were recruited from the Núcleo Especializado em Aprendizagem da Faculdade de Medicina do ABC (Learning Disabilities Center of Medicine ABC University), Santo André, Brazil, where they are treated by a multidisciplinary team. All volunteers in this study had the medical diagnosis of ADHD, according to the Diagnostic and Statistical Manual of Mental Disorders, 4 th edition, published by the American Psychological Association 27, 28 , and the following inclusion criteria were satisfi ed by all subjects: i) absence of congenital anomalies such as congenital heart disease, pulmonary malformations, diaphragmatic hernia, and defects of abdominal wall closure; ii) absence of central nervous system malformations and/or neurological syndromes; iii) absence of metabolic disorders; iv) absence of medication such as methylphenedite that infl uences cardiac autonomic modulation since that drug treatment has effects on cardiovascular parameters such as heart rate and blood pressure. The control group consisted of healthy children without a diagnosis of ADHD. Parents of the children were asked for consent. The study received approval from the Ethics Committee of Faculdade de Medicina do ABC (protocol number 312/11) and was in compliance with Resolution 196/96 of the Conselho Nacional de Saúde.
Procedure
Datasets were collected under controlled temperature (21°C -23°C) and humidity (40%-60%). Participants attended the laboratory each time between 8:00 and 11:00 to avoid circadian infl uences. They were instructed to avoid consuming ANS stimulants for 24 hours before evaluation. Parents and guardians of the children stayed in the room during the entire protocol. Demographics and anthropometric measurements were obtained following the standard recommendations proposed by Lohman et al 29 . A heart monitor strap was placed on the chest, over the distal third of the sternum, and the heart rate receiver (Polar RS800 CX monitor; Polar, Kempele, Finland) was placed on the wrist. This type of equipment has been previously validated for beat-by-beat measurements and for HRV analysis [30] [31] [32] . Children rested in supine position with spontaneous breathing for 20 minutes and were instructed to avoid talking during data collection.
For HRV analysis, the heart rate was recorded beat-by-beat with a sampling frequency of 1000 Hz. The data series was fi rst digitally fi ltered using Polar Precision Performance SW software (version 4.01.029; Polar), in which only series with more than 95% sinus rhythm beats were included 33 . It was then manually complemented, and the visual inspection of the time series on the computer showed absence of artifacts. 1000 RR intervals were selected for data analysis.
Higuchi's Fractal Dimension
Previously, Higuchi developed a new algorithm for measuring the fractal dimension of discrete time sequences 19 . It is applied directly to the time-series; rather than power spectra. It can quantify self-similarity and complexity of the signal and has been applied to brain [33] [34] [35] and other biological signals 36, 37 . Higuchi's algorithm is described by Khoa et al 17 below. It is based on a measure of length, L(k), of the curve that represents the considered time series while using a segment of k samples as a unit, if L(k) scales like:
The curve is said to show fractal dimension D f . A simple curve has dimension equal to 1.Nevertheless, a plane has a dimension equal 2. This, the value of D f is always between 1 and 2. D f measures complexity of the curve and so of the time series this curve represents on a graph.
From a given time series, X(1), X(2), ... , X(N), the algorithm constructs k new time series:
where m is initial time, k is interval time, int(r) is integer part of a real number r. For example, for k = 4 and N = 1000, the algorithm produces 4 time series: 
The "length" L m (k) of each curve Xkm is then calculated as:
Where, N is total number of samples.
is not "length" in Euclidean sense, it represents the normalized sum of absolute values of difference coeffi cient in ordinates of pair of points distant k (with initial point m). The "length" of curve for the time interval k, L(k), is calculated as the mean of the k values L m (k) for m = 1, 2, ... , k:
The value of fractal dimension, D f , is calculated by a least-squares linear best-fi tting procedure as the angular difference coeffi cient of the linear regression of the loglog graph.
So, when L(k) is plotted against 1/k on a double logarithmic scale, with k = 1,2,...,k max , the data should fall on a straight line, with a slope equal to the Fractal Dimension of X. Thus, Higuchi fractal dimension is defi ned as the slope of the line that fi ts the pairs 
.. , k max , and n denotes the number of k values for which the linear regression is calculated 
Figure 1:
The box-and-whiskers plot for Higuchi fractal dimension of RR-intervals illustrates the median values. Where the line in the middle of the box is the median, the whiskers of the outer points are the maximum and minimum, with the outer edge of the boxes representing the 25th and 75th percentiles. The difference between the outer box edges is the inter-quartile range. For the Higuchi fractal dimension of the RR-intervals the control subjects calculated multiple times between 10 and 150; equidistantly for different levels of Kmax.. The number of RR-intervals is 1000 and number of subjects is 28. 
Figure 2:
The box-and-whiskers plot for Higuchi fractal dimension of RR-intervals illustrates the median values. The line in the middle of the box is the median, the whiskers of the outer points are the maximum and minimum, with the outer edge of the boxes representing the 25th and 75th percentiles, the difference between the outer box edges is the inter-quartile range. For the Higuchi fractal dimension of the RR-intervals the ADHD subjects calculated multiple times from 10 to 150 in equidistant units for different levels of Kmax. The number of RR-intervals is 1000 and number of subjects is 28. 
DISCUSSION
The ANS plays an important role in regulation of physiological mechanisms, such as cardiac and metabolic systems; and alterations in autonomic activity in children with ADHD have been investigated in several studies 1, 3 . HRV analysis using nonlinear methods is useful because mechanisms involved in cardiovascular regulation likely interact between each other in a nonlinear way 9, 11 . To the best of our knowledge, this is the first study to examine the effect of ADHD on cardiac autonomic modulation using Higuchi Fractal Dimension analysis of HRV.
A literature search revealed three studies that addressed the effect of ADHD on cardiac autonomic modulation using a nonlinear analysis of HRV. In the fi rst investigation 41 , according to the frequency and time domains and the Poincaré plot, the indexes that indicate parasympathetic component were higher in children with ADHD than in children without the disorder. The second study investigated the effect of ADHD 42 on the RR-intervals using the chaotic global techniques 43 ; and thus cardiac autonomic modulation therein.
In another study 5 that evaluated ANS functioning and the effects of methylphenidate in stimulant-free children with ADHD and controls, the authors also found that stimulant-free children with ADHD have a parasympathetic dominance of the autonomic balance relative to control subjects. We could suggest that increased parasympathetic is related to increased chaosity found in this work.
A recent investigation 44 analyzed heart rate asymmetry as a qualitative profi le of heart rate complex dynamics in ADHD untreated children at rest and in response to postural change manoeuvre (orthostatic stimulation). Opposite to our results, the authors reported atypical complex autonomic cardiac regulatory system. In this sense, there are important issues to be raised. Tonhajzerová et al 44 studied only severe ADHD, while we did not divide the ADHD group based on disorder degree.
There are other techniques which could be applied such as approximate entropy [45] [46] [47] and sample entropy [48] [49] [50] . However considerable skill and expertise is required with these techniques to set the appropriate parameters for run length m and, tolerance window r.
Studies on changes in fractal properties dynamics of HRV help clinical professionals to manage disease development, since some of them indicate that the loss of fractal dynamics represents autonomic dysfunction 51 . This study is the fi rst to apply Higuchi fractal dimension analysis of HRV in ADHD patients. In this context, this information is useful to further investigations to raise innovations into and to the advance of therapies for this disorder.
In conclusion, the chaotic response measured by Higuchi Fractal Dimen sion of HRV in child subjects with ADHD increases. This is useful in the risk assessment as a benchmark of dynamical diseases associated with ADHD.
